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Betterment of optoelectronic and photovoltaic properties is reported
through the embodiment of a planar, conjugated naphthalene diimide
functionality in a given donor-acceptor small molecular oligothiophene,
when used in solution-processable bulk heterojunction solar cells.
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Improvements to the optoelectronic and photovoltaigroperties
of 2-((5'-(4-(diphenylamino)phenyl)-[2,2'-bithiophen]-5-yl)meth-
ylene)malononitrile (R1; a donor-acceptor small macular
oligothiophene) are reported through the insertionof planar,
conjugated napthalenediimide moiety. The novel domamaterial
was successfully synthesized and exhibited a poweonversion
efficiency of 3.01% under AM 1.5 G irradiation (100mW cm?)
when tested in solution-processable bulk heterojution solar
cells with PG;;BM as an acceptor material.

In recent times, solution-processable bulk heterdjon (BHJ)
solar cells have gained interest among many acadanai industrial
research groups as they have the potential taghénleight, flexible
and cost effective alternatives to the traditiopallar-cells, besides,
possess capability for simple mass productitm.the past 5 years,
significant improvements have been achieved indéneelopment of
BHJ solar cells through a combination of effortslirding the design
of more active materials, morphology control, aegdide fabrication
processe$.Traditionally, semiconducting polymers such asy(!
hexylthiophene) (P3HT) are used as electron donaterals and
soluble fullerene derivatives such as [6,6]-phe@yHoutyric acid

through
naphthalenediimide

RSC

optoelectronic and photovoltaic
the insertion of a
unit in donor-acceptor

Sharad R. Bob#! Akhil Gupta”“** Anushri RananawaréAnte Bilic Sidhanath V.
Bhosal€’* Sheshanath V. Bhosate

using small organic molecules as donor componerase h
recently emerged and have resulted in devices #xighbpower

conversion efficiencies (PCEs) in excess of 9&ven though
this progress is inspiring, ample scope still exigt develop
novel light-harvesting materials that possess brardl efficient

optical absorption, low HOMO energy levels (-5.0-8®5 eV)

and adequate solubility required for solution pesebility? One

successful strategy to fulfil such requirementshis exploration

of D—A based compounds that show charge transfeorphion.

Key examples of this approach have been reportedanypus

research groupsThus, there is considerable interest in exploring
new D—A combinations and in synthesising molecthes can be
processed from solution. In this communication, me@ort a
strategy to investigate D—A design.
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Fig. 1 Molecular structures of the materials investigatethis work

methyl ester (PGBM) are used as electron acceptor matefials.

Recent reports, however, have described improvesmentBHJ
device performance by using small molecules angl ithiturn has
drawn attention away from the more established mehc

We chose a triarylamine end-group as the donor coemt, a
dicyanovinyl acceptor group and introduced a plaranjugated
naphthalenediimide (NDI) functionality in order taary (1) the

semiconductors like P3HT.These small molecules possess appPtoelectronic and photovoltaic properties, andl(2)processability

advantage of being able to be synthesised andigulirdfs single
molecular entities, thus removing the major botks of device
variability that can arise from material inconsisties.

As with polymeric structures, the design requiretaeaf
small organic semiconductors include broad absampfirofile,
high charge mobility, multiple reversible redox e@uatials and
appropriate energy difference in the highest ocadipnolecular
orbital (HOMO) and lowest unoccupied molecular tabi
(LUMO) energy levels. It has been established knatband gap
materials can be generated by incorporating artreleconor=-
bridge—electron acceptor (B-A or D-A) motif within the

of small organic molecules (Fig. 1). The NDI undashinteresting
physical and electronic properties, and chromophb@sed on the
NDI framework have been used as active componamt®ryanic
electronic application$?® An additional advantage of the NDI
functionality is that a variety of alkyl groups chae located on the
nitrogen atoms, thus allowing tuning of solubility the present
case, the -octyl group was the substituent of eéddc producing
highly soluble compound with excellent film formingroperties
without crystallization occurring in the film, seempound 2-((5-(9-
(5-(4-(diphenylamino)phenyl)  thiophen-2-yl)-2,7-digl-1,3,6,8-
tetraoxo-1,2,3,6,7,8-hexahydro-bernai][3,8]phenanthrolin-4-

structure®® As previously discussed, reports of BHJ devicedthiophen-2-ymethylene)malono nitrileSQ); Fig. 1. Newly

This journal is © The Royal Society of Chemistry 2012

designedS1is deemed to exhibit enhanced solubility and gdaed

J. Name., 2012, 00, 1-3 | 1

Page 2 of 5



Page 3 of 5 RSC Advances

shift of lamda maximum when compared with the miee LUMO density was delocalized through both acceptor
compoundR1. It is worth mentioning that compour@l is the first functionalities, NDI and malononitrile, with almosequal
reported example where NDI unit has been incorpdrat the D-A contribution (Fig. 3). Such a segregation of HOM@d dUMO
module for BHJ applications. densities is an ideal condition for the intramolacwcharge transfer
(ICT) transition and is attributed to the preseota strong acceptor
CompoundS1 was synthesized in moderate to high yields hynit, of which NDI is an example, in the given Dsgpstem.

reacting 5-(9-(5-(4-(diphenylamino)phenyl)thioph2iy)-2,7-
dioctyl-1,3,6,8-tetraoxo-1,2,3,6,7,8-hexahydrobghmn][3,8]phe-
nanthrolin-4-yl)thiophene-2-carbaldehyde with maloitrile, in
acetonitrile:chloroform (1:1) solvent mixture at flogw with

piperidine as a base (for detailed synthetic proces] please see the

electronic supplementary information (ESItH1 was purified by
conventional column chromatography and was fullgrebterized by
means of high resolution mass spectrometry and NpHtroscopy.
High solubility of small molecular semiconductoss an essential
feature for the fabrication of solution-processaBle] devices and
S1 meets this criterion as it displays high solupilit many routine

solvents, such as chloroform (CHEIchlorobenzene and toluene

(for instance, 25 mg/mL in CHgIl Thermogravimetric analysis

(TGA) revealed thaS1 exhibits excellent thermal stability (>250

°C), a finding that strongly supports the fact that toenpound will
remain active and stable during the high tempesatimealing of
organic photovoltaic devices (Fig. S1, ESIt). Refiee compound
R1 was synthesized in our labs following the literatproceduré®

The comparative UV-vis absorption spectral studg bdndR1
was carried out in CHgIlsolution (Fig. 2). The use of NDI
functionality induces a strong red-shift in the @ipsion of
compoundS1 when compared witfR1. Typically, S1 gives strong
absorption band maximuni,) at 632 nmd = 54,820 M' cm’®),
andR1 givesAmaxat 514 nm¢ = 41,250 Mt cmi?). With the use of

LUMO+1 LUMO+2

HOMO-2

HOMO-1

HOMO

Fig. 3 Orbital density distribution for the HOMOs (loweand LUMOs
(upper) ofS1 DFT calculations were performed using the Gans8fsuite
of programs and B3LYP/6-311+G(d,p)//B3LYP/6-31Gllel of theory.

Experimental estimation of HOMO energies was cedrriait
using photo electron spectroscopy in air (PESA) #rel LUMO
energies were calculated by adding the bandgaphéo HOMO
values (see Fig. 4 for energy level diagram, argl BR for PESA
curve).

NDI functionality we found >30% enhancement to pgeak molar

. . . . LUMO
absorptivity ofS1 compared wittR1. A note of interest is the fact -2.90 ,
that we observed the same bathochromic absorptiirirs thin film 3.0 [ - € QHW Y
spectrum 051 compared with that d®1 (Fig. 2). e) . b(j\lﬁr
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Fig. 2 Absorption spectra of compoun84 andR1 (a) in CHC} solutions 6.0 | v
o . . . S s, )OoN —
and (b) for pristine as-casted films (films 1 andR1 were spin-casted at ,7,\“;‘ e .00
3000 rpm for 1 min to give a film thickness of ~&%). HOMO 2w '

. . . - . Fig. 4 Energy level diagram depicting the band gapS$bandR1 in
The absorption profile dB1in pristine state can be described agomparison with P3HT and REM.

panchromatic with its absorption extending throtlghentire visible
spectrum and tailing into the near infra-red reg{é@0—1000 nm).
This type of control in altering the absorption fleo by

incorporating a more strongly electron acceptingetyocould lead
to enhanced light harvesting properties in small lecdar
semiconductors.

The UV-vis spectra indicated that insertion of NDmit
reduces the band gap 1 when compared witR1. PESA and
UV-vis spectra indicated that the band gaps ofetheaterials
are all in the range required of donor materiatsBblJ devices
and are significantly narrower in magnitude tha8 BV
measured for P3HT. The LUMO &1 was the lowest of two

Density functional theory (DFT) calculations usiing@ Gaussian due to the bathochromic shift observed in the thlm
09 suite of progranisand B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) spectrum when compared witrR1. The optical and
level of theory indicated that the HOMO orbital ditn of SLhas a electrochemical properties of both the materialse ar
major distribution over triphenylamine donor fuectélity and the summarized in Table S1 (see ESIT).

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Initial screening into the potency &1 as a donor material primarily due to low film quality. The use of hidieiling solvent is
(p-type) was carried out by using it in a solutiomgessed BHJ further preferable from a processing point of view.
device with conventionah-type soluble fullerene derivative
PG BM, and its performance under simulated sunlightt an The incident-photon-to-current conversion efficigndPCE)
monochromatic light illumination was characterizeBHJ curves of the best BHJ devices based on these smbdtules under
architectures typically deliver higher power corsien monochromatic light are shown in Fig. 6. The arialys the IPCE
efficiencies (PCEs) by maximising the surface aremterface measurements of these BHJ devices reveals a samily higher
between thegx- and n-type materials in the active layer. Theand broader peak IPCE &f1 (~42% @ 640 nm) compared Ri
blend solution ofS1 and PG,BM was used to cast an activg38% @ 515 nm), which is presumably caused by smergetic
layer on top of the PEDOT:PSS surface. The BHJ agevieffect of excellent light-harvesting and tuned gfechemical
architecture used was ITO/PEDOT:PSS (38 nm)/actipeoperties. The IPCE measurements reported hereoarparable to
layer/Ca (20 nm)/Al (100 nm) where the active layes a the film absorptions o861 and R1 which indicate that the current
solution processed blend ddl1 and P@GBM. For S1, a arises mainly from th@-type donor material. Note th&1 shows
promising PCE of 3.01% was achieved when the filas wpin- light harvesting and electrochemical propertiest thee largely
coated from a chlorobenzene solution as a 1:1 bleitd superior toR1, which translates to higher conversion efficiency.
PGs:BM. By contrast, the maximum PCE obtained for aicev

based onR1 was 1.10%, when fabricated under similar *

conditions. The comparative current—voltage curf@s the 40 1
optimized blends 081 andR1 with PG;;BM are shown in Fig. a0 |
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é 4 Fig. 6 Comparative IPCE curves of the best BHJ devicesthanS1 and

= 3 R1.

E 2

S ; 1 The active layer morphology was examined by an atdorce
0 01 02 04 04 05 06 07 08 09 1 microscope (AFM) technique in tapping mode. Theialcsurface

Voltage (V) morphology of blend film ofSLPG;:BM (1:1, w/w; as cast) is

Fig. 5 Current—voltage curves for the optimized devicased ors1andR1  depicted in Fig. 7. The as casted film exhibitegstlline grains
in blends with PGBM (1:1 wt.) under simulated sunlight (AM 1.5, 1000with a root-mean-square (RMS) roughness of 0.32 rhe

W/T)T}Z)i |(38Vice S)trurc]ture lr? |TO/PE|DOTIF’SS (3?‘;]?&/'“?'&)/6”0? (20d crystalline grains may be beneficial to orderedicttire formation
nm)/Al (100 nm) where the active layers were t of materials and g charge transport in thin film. The hole onlyhitity in the BHJ
PG::BM t f the fil f PEDOT:PSS using obite . . i L

CuaBM spun on top of the films o using nzene blend film was measured by a space-charge limitecent (SCLC)
method with device structure of ITO/PEDOT:PSS/Aethayer/Au.
A hole mobility of 8.5x16 cn? V! s was obtained for the blend of
Sland PGBM.

The optimized devices based 84 showed lower open circuit
voltages Y, than the devices based d@il. These values are
consistent with the measured HOMO values wherertbie positive
HOMO for compoundS1 would predict a lowe¥,.. Devices based
on S1 showed higher photocurrent than the devices basdRll, a
finding that is consistent with the observed bakimomic-shift in the
absorption spectrum o1 compared withR1. The BHJ devices
based onS1 yielded promising performance and the photovoltaic
cell parameters/,, short circuit current densityd), fill factor (FF)
and PCE, reached 0.90 V, 7.90 mAfcnD.43 and 3.01%,
respectively. Overall, the insertion of NDI functadity into the
studied D—A module resulted in around 80% increasethe
photocurrent density and enhanced the PCE by arfaét>2, thus

promoting the use of an electron accepting and lfyigbnjugated Fig. 7 AFM image of 1:1 blend film with PGBM spin-casted from

functionality as an interesting structural concfeptthe design and chiorobenzene at 2500 rpm atop annealed ITO/PEDEH:Rubstrate.
development of highly efficient BHJ materials. Witbgards to the Topographic image (as-cast) with RMS 0.32 nn$ &P Gs:BM.

processing conditions of blend solutions, it hasrbshowff that

there exists a strong relationship between the egegof Even though the progress in the development oflsmalkecular

crystallization and solvent selection on the catfgrmance. Our donors is on surge, the material reported in thjsep has highlighted

attempts to fabricate devices using low boilingvents, such as the potential for efficiency improvements in a givB-A system.

CHClI;, resulted in very poor photovoltaic performancéisTwas The discovery of such materials exhibiting promgsoptoelectronic
properties opens up a way to develop such motiésdth on the

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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insertion of highly conjugated, planar functiongliand paves the 2.
way for such materials to be used for other orgalEctronic
applications such as organic field-effective tratusis.

In conclusion, we have demonstrated the first use iNDI
functionality to improve the optoelectronic and mholtaic 5
properties of D—A small molecules in organic saelis. In a direct
comparison we have shown that the incorporatiothisf electron
accepting, highly conjugated and planar system iswlee band gap
of an oligothiophene dy&1, and shows higher PCE compared with
an analogue,R1. S1 showed excellent thermal stability and
solubility in common organic solvents, strong ogti@bsorption
over the whole visible region, low lying HOMO engrpvel and
good photovoltaic performance. Based on the opttreleic
characterization and BHJ parameters, it is evideat the design
concept addressed herein has huge potential toajeng series of
novel organic materials whose properties can beréa towards
their use in conjunction with alternative acceptifogctionalities.
We strongly believe thaS1 represents a valuable addition to thé
library of small molecular electron donors thatlvidrm the basis
for next generation of custom-designed high-efficikematerials.
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